Abstract: 45 46
The inhibition of Aplysia pleural mechanosensory neuron synapses by dopamine 47 and serotonin through activation of endogenous dopaminergic and expressed 5HT 1Apl(a)/b 48 receptors respectively, involves a reduction in action potential associated calcium influx. 49 We show that the inhibition of synaptic efficacy is downstream of the readily releasable 50 pool, suggesting that inhibition is at the level of calcium secretion coupling, likely a 51 result of the changes in the calcium current. Indeed, the inhibitory responses directly 52 reduce a Ca V 2-like calcium current in isolated sensory neurons. The inhibition of the 53 calcium current is voltage-independent as it is not affected by a strong depolarizing 54 prepulse, consistent with other invertebrate Ca V 2 calcium currents. Similar to voltage-55 independent inhibition of vertebrate nociceptors, inhibition was blocked with src tyrosine 56 kinase inhibitors. The data suggest a conserved mechanism by which GPCR activation 57 can inhibit the Ca V 2 calcium current in nociceptive neurons. 58 59 60
Introduction: 61 62
The 1990; Guan et al. 2003) . Such inhibition of pleural sensory neuron activity would serve 69 an analgesic or hypoalgesic role, reducing the sensation of stimuli to the body wall and 70 foot of the animal. 71 Previously we reported that dopamine had a strong inhibitory effect on synaptic 72 efficacy at synapses between Aplysia pleural mechanosensory neurons and defensive 73 withdrawal motor neurons in culture (Dunn et al. 2012 ). The inhibitory response also 74 included a large reduction in the presynaptic calcium flux. However, it was not 75 determined whether the reduction in the action potential associated calcium transient was 76 through direct inhibition of the Ca V 2-like calcium current, the current responsible for 77 triggering transmitter release, as was suggested previously for FMRFamide (Edmonds et 78 al., 1990) . Alternatively, the reduction in the calcium transient may be indirect, through 79 changes in potassium currents that affect action potential duration, or from failure of the 80 action potential to propagate to and depolarize all the presynaptic terminals. 81
Here we further examine the mechanisms of dopaminergic inhibition of synaptic 82 efficacy at Aplysia sensory to motor neuron pairs in culture. We show that the action 83 potential does conduct to distal neurites and that the readily-releasable pool (RRP) of 84 synaptic vesicles is not significantly affected by the inhibitory dopaminergic response. 85 An inward barium current that is insensitive to 10μM nifedipine, and that has activation 86 and inactivation characteristics consistent with a current mediated by a Ca V 2 calcium 87 channel was isolated. Either dopamine or specific activation of over-expressed 5HT 1Apl(a) 88 receptors with 8-OH-DPAT, produces significant inhibition of this isolated Ca V 2-like 89 barium current. A strong depolarizing prepulse has no effect on the inhibition of the 90 inward barium current, indicating that this type of inhibition is solely voltage-91 independent. Finally, we show that the inhibition of the Ca V 2-like current is sensitive to 92 a src kinase inhibitor, but not the inactive analog. Thus, the GPCR-mediated inhibition 93
of Aplysia sensory neurons includes a significant reduction of the voltage-gated calcium 94 current responsible for transmitter release and such inhibition is voltage-independent and 95 therefore would not be relieved by sensory neuron firing. Similarly, voltage-independent 96 inhibition of Ca V 2 channels is important for analgesic mechanisms in vertebrates and the 97 common sensitivity of this inhibition to tyrosine kinase inhibitors suggests that the 98 mechanism of action is also conserved. 99current pulses. The postsynaptic electrode was used to hyperpolarize the membrane 137 potential of the motorneuron to -80mV and to measure post synaptic potentials (PSP) and  138  spontaneous, miniature PSP. Membrane voltages and command currents were controlled  139  and recorded with an Axoclamp 900 amplifier, Digidata 1440 digitizer, and pClamp  140 software (Molecular Devices, Sunnyvale, CA). Changes in synaptic strength were 141 examined by measuring the PSP rise-rate as the amplitude change over 1ms after the 142 initial non-linear change in amplitude using pClamp software. The initial PSP rise-rate 143 was used to measure changes in synaptic efficacy with postsynaptic voltage recordings 144 (Fig. 1Ai) . With small PSP amplitudes (<20mV), PSP amplitude and the initial PSP rise-145 rate change proportionally (see Fig. 1Aiii One explanation for the dopamine-induced reduction in presynaptic calcium 248 influx after an action potential is a lack of action potential propagation to the presynaptic 249 terminals (Dunn et al. 2012 ). Indeed, the large reduction in membrane excitability 250 induced by dopamine suggests this explanation. To examine this question directly we 251 measured action potential propagation at isolated sensory neurons following three to four 252 days in culture to allow extensive neurite outgrowth. Action potentials were evoked and 253 measured in the soma with a sharp electrode before and after dopamine application. At 254 the same time a loose-patch electrode was used to observe the occurrence of an action 255 potential at the end of a neurite as displayed in figure 2A . In all of the trials, the distance 256 between the extracellular electrode and the soma were at least 200μm. When dopamine 257 reduced excitability resulting in action potential failure in the soma, no action potential 258 was observed in the neurite as would be expected. When enough depolarizing current 259 was injected into the sensory neuron soma to overcome the dopaminergic inhibition, 260 producing an action potential, the action potential was again observed in the neurite at 261
amplitudes consistent with what was observed before addition of dopamine ( Fig. 2B-D ). 262
In this experiment every action potential in all the preparations examined with dopamine, 263 somatic action potentials were observed to propagate to the neurite examined with a 264 loose-patch electrode. Thus, the reduction in calcium influx at presynaptic terminals with 265 dopamine is not the result of dopamine preventing action potential propagation to distal 266 neurites. 267 268
Isolation of an Aplysia Ca V 2-like calcium current in cultured pleural sensory neurons 269
The data thus far suggest that the effect of dopamine on synaptic efficacy is a result of 270 reduced presynaptic calcium influx through Ca V 2-like voltage-dependent calcium 271 channels that conduct the calcium current responsible for transmitter release. Next we 272 sought to isolate and directly measure this calcium current in sensory neurons and then 273 determine if this current is reduced by dopamine. To measure calcium currents in pleural 274 sensory neurons we used two-electrode voltage clamp. Sensory neurons were cultured in 275 reduced hemolymph (reduced to 10% from 50%) and only cultured for 24hr to reduce 276 neurite outgrowth so as to achieve an acceptable space clamp over the neuron. The 277 sodium of the extracellular solution was replaced with TEA (460mM) and 4-AP (10mM) 278 to block potassium currents and limit sodium influx though voltage-gated sodium 279 channels. The calcium/barium to magnesium ratio was increased to 20mM 280 calcium/barium, 45mM magnesium (from 10:55 respectively) to enhance the inward 281 current. Replacing barium with calcium reduces the peak inward current and shifts the 282 current/ voltage (IV) curve consistent with other calcium currents ( Consistent with a Ca V 2 current, substitution of calcium for barium reduces the peak 286 current but does not change the inactivation tau of the current as would have been 287 expected for a Ca V 1 current (Fig. 3C) current to the overall inward current under these conditions (Fig. 3E ). The amount of 298 peak current reduced with nifedipine was equal to the amount of current reduced when 299 the current is measured at the end of a 200ms step pulse, consistent with the removal of a 300 slowly-inactivating component such as a Ca V 1 current (Fig. 3E ). To ensure that this 301 concentration of nifedipine is sufficient to completely block the Aplysia Cav1-like 302 current, we took advantage of the observation that cultured sensory neurons that lack 303 residual axons and any neurite outgrowth have only a small, slowly inactivating, inward 304 barium current (Cav1-like). Under these conditions, the inward current is completely 305 blocked by 10μM nifedipine (Fig. 3F) . Furthermore, the slow inactivation rate (>200ms) 306 of the nifedipine-sensitive current seen in the subtracted current traces (Fig. 3F ) is also 307 characteristic of a Ca V 1 or L-type calcium current. 308 309 310
Change in inward barium current with morphology suggests the channel is in growth 311 cones 312
The isolation of a Ca V 2-like current without consideration of neuron outgrowth 313 resulted in currents of widely varying inactivation rates that were clearly related to cell 314 morphology. Pleural sensory neurons with a single large growth cone at the end of a 315 short axon (as in Fig. 4A left image) produced the largest peak currents with the fastest 316 inactivation rates. Occasionally a cultured neuron would have no outgrowth. However 317 with such an ideal voltage-clamp morphology, no inward current is observed suggesting 318 that the Ca V 2-like channel is not expressed at the plasma membrane of the pleural 319 sensory neuron somata (see Fig. 3F with nifedipine). 320
The largest inward currents were observed in cells with low neurite outgrowth 321 typical of 24hr cultures. Examining current activation and inactivation kinetics in cells 322 cultured for 24, 48, or 72hr shows a clear trend towards a reduction in the peak current 323 and a slowing of the inactivation rate of the barium current (Fig. 4ABC ). These changes 324 are indicative of channels conducting the isolated inward barium current being located in 325 distal neurites. As the terminals grow outside of the space clamp of the two-electrode 326 voltage-clamp, the measured current is reduced and slowed as a result of errors in 327 membrane potential. 328
With a well-isolated inward current (with barium and nifedipine, 24hr culture/ 329 low outgrowth) a 10s prepulse was used to measure the steady-state inactivation kinetics 330 to further characterize the isolated inward current (Fig. 4D) To examine whether the inhibitory dopaminergic response includes modulation of 342 the isolated barium current, voltage steps to -10, 0, +10, +20mV were used to measure 343 the peak amplitude of the inward barium current. A final voltage step in the IV curve 344 was to +60mV, which is at or near the reversal potential for calcium currents (Fig. 3,  345 (Spafford et al. 2006)) and was thus used to measure the change in the residual potassium 346 currents concurrent with the change in the peak inward current which includes the 347 contaminating residual K + currents. The amplitude of the residual K + current is more 348 than three fold larger at +60mV than at +10mV which is the voltage step used for 349 measurement of the peak inward current. Thus, if there is no significant increase in the 350 amplitude of the current measured at +60mV, then we can be assured that there will not 351 be a contribution of changing residual K + currents to the measured inward barium current 352 at +10mV. 353
Application of 1μM dopamine significantly reduces the isolated inward barium 354 current, with no concurrent change in the residual K + current measured at +60mV. In the 355 experiment represented in figure 5 , within one minute of dopamine application the peak 356 inward current amplitude was reduced to on average 41±11% of the amplitude before 357 dopamine (Fig. 5C ). Therefore we over-expressed the receptor with an eGFP tag (5HT 1Apl(a) -eGFP) in cultured 370 sensory neurons with nuclear microinjection of pNEX3 vectors containing the tagged 371 receptor (Nagakura et al. 2010 ). With over-expression, the receptor is visible through the 372 eGFP tag in neurites 24hr after injection (Fig. 5D) . The isolation of the inward barium 373 current was as described above, except an additional 24hr of culture was allowed for 374 receptor expression. Using the 5HT 1Apl(a) agonist 8-OH-DPAT, we examined whether the 375 inhibitory 5HT response includes inhibition of the inward barium current similar to the 376 inhibitory dopaminergic response. One minute after application of 10μM 8-OH-DPAT 377 the inward current was examined with step pulses from -10mV to +20mV and the 378 residual K current with a step pulse to +60mV in sensory neurons over-expressing 379 5HT 1Apl(a) -eGFP (Fig. 5E ). There was a significant reduction in the isolated barium 380 current in cells over-expressing 5HT 1Apl(a) -eGFP, with no change in the residual K + 381 current measured at +60mV (Fig. 5F ). Thus, similar to the inhibitory dopaminergic 382 response, the inhibitory serotonergic response through activation of 5HT 1Apl(a) includes a 383 reduction of the isolated inward barium current that is mediated by Ca V 2-like channels. 384
While the effect of 8-OH-DPAT is qualitatively larger than the effect of dopamine, it is 385 not clear if this is due to the exogenous expression leading to a larger amount of receptor 386 than the endogenous dopamine receptor, or additional signalling pathways activated by 387 the 5HT 1Apl(a) receptor compared to the inhibitory dopamine receptor. 388 389 390
Voltage-independent modulation of the isolated inward barium current in pleural sensory 391 neurons is sensitive to the src kinase inhibitor PP2 392 Heterotrimeric G-protein Gβγ subunits are known to inhibit Ca V 2 channels 393 through direct interaction with the pore forming alpha subunit (Tedford and Zamponi  394 2006; Zamponi and Currie). This type of inhibition is referred to as voltage-dependent 395 inhibition as it can be relieved with a strong depolarizing prepulse, however, this type of 396 modulation has only been observed with vertebrate Ca V 2 channels (Huang et al. 2010 ). 397
Following isolation of the inward barium current in Aplysia sensory neurons a strong 398 prepulse to +120mV 10ms before a test pulse to +10mV, was delivered to assess the 399 amount of voltage-dependent inhibition (Fig. 6A) . The strong depolarizing prepulse had 400 no significant influence on the inhibition of the inward barium current with dopamine 401 (Fig. 6AB) . The reduction of the inward current with dopamine was equivalent with or 402 without a strong prepulse, indicating the inhibition with dopamine is only voltage-403 independent. Similarly, a strong positive prepulse failed to relieve the inhibition of the 404 isolated barium current with activation of over-expressed 5HT 1Apl(a) -eGFP. 8-OH-DPAT 405 reduced the peak inward current following a prepulse (pulse 2, reduced to 23.8±5.0% of 406 before agonist) similar to the reduction of the peak inward current without a prepulse 407 (pulse 1, reduced to 34.8±6.5% of before agonist, data from 3 neurons). 408
Rapid voltage-independent inhibition of Ca V 2 channels with GPCR activation at 409 vertebrate DRG nociceptors is known to require src kinase phosphorylation of the C-410 terminal of the channels α1 subunit (Raingo et al. 2007 we over-expressed the 5HT 1Apl(a) -eGFP receptor in pleural sensory neurons as in figure 5 . 417
Using the specific agonist 8-OH-DPAT to activate 5HT 1Apl(a) -eGFP receptor we can 418 inhibit the isolated inward barium current in all of the eGFP positive cells. The 5HT 1Apl(a) 419 agonist 8-OH-DPAT significantly reduced the peak inward current with pretreatment of 420 the control analog PP3 (Fig. 7AC) . However, pretreatment with the c-src kinase inhibitor 421 PP2 blocked the reduction of the inward barium current at one minute following 422 application of 8-OH-DPAT (Fig. 7BC) In a previous report we described inhibition of Aplysia cultured pleural sensory 429 neurons with dopamine that included a reduction in membrane excitability and PSP 430 amplitude, along with an inhibition of the novel PKC Apl II (Dunn et al. 2012 ). Here we 431
show that the effect on PSP amplitude cannot be entirely explained by a decrease in the 432 RRP (Figure 1 ), nor the lack of propagation of the action potential to the nerve terminal 433 (Fig. 2) . Consistent with the decrease in PSP amplitude being due to a direct effect on 434 the calcium influx through the Ca V 2 channels that mediate transmitter release (Edmunds 435 et ao, 1990), we observed a significant reduction in the isolated Ca V 2-like calcium current 436 (Fig. 5-7) , with both dopamine and activation of the over-expressed 5HT 1Apl(a) receptor. 437
Furthermore, the lack of any significant change in the residual potassium currents 438 remaining after inhibition with TEA, 4-AP, and barium at the time of measurement 439
indicates that the observed reduction in the inward current is not an indirect result of an 440 increase in the residual potassium conductance. Thus, the effect of dopamine on 441 transmitter release (Fig.1) The isolated inward barium current is likely mediated by Ca V 2 channels 450
The isolated Ca V 2-like calcium current cannot be confirmed as arising solely from the 451 channel coded by the Ca V 2 gene until this channel is cloned in Aplysia. However, the 452 following points suggest the isolated inward current described here is predominantly 453 mediated by Ca V 2 channels: 1) The current has voltage-dependent kinetics typical of a 454 high-voltage activated calcium channel, that is doubled with barium substituted as the 455 charge carrier (Fig. 3ABC) , and the current is also inhibited by micromolar cadmium 456 ( Fig. 3 ; (Spafford et al. 2003) ).
2) The current is insensitive to 10μM nifedipine, which 457 would completely inhibit a Ca V 1 current ( Fig. 3EF ; (Spafford et al. 2006) ).
3) The 458 activation kinetics are unaffected by the membrane holding potentials between -80 and -459 50mV suggesting no contaminating Ca V 3 current ( Fig. 3D ; (Senatore and Spafford 460 2010)) and the inactivation rate is maintained in barium, uncharacteristic of a Ca V 1 461 current (Fig.3C ). These points suggest the inward current isolated in figures 3&4 is 462 mainly mediated by Ca V 2 channels. The apparent change in this isolated Ca V 2-like 463 calcium current with cell morphology suggests the channels measured in isolated sensory 464 neurons are in distal neurites rather than evenly distributed in the neurites (Fig. 4) Aplysia pleural sensory neurons with Fluo-4, however it is interesting to note that the 477 current was only observed to be increased with 5HT when the sensory neuron was paired 478 with a synaptic partner in culture. Inhibition of the Ca V 2-like current with dopamine 479 (Fig. 5C ), expression and activation of the inhibitory 5HT 1Apl(a) receptor (Fig. 5F ), or with 480
FMRFamide (Edmonds et al. 1990 ) were all observed in isolated sensory neurons. This phosphoregulation site on the C-terminus of Ca V 2 channels along with the observed 511 sensitivity of the inhibition to the src kinase inhibitor PP2 (Fig. 7) strongly suggests a 512 conserved mechanism involving channel phosphorylation. 513 514
Nociception and Analgesia 515
As stated above, the pleural sensory neurons serve as mechanoreceptors with a 516 nociceptive role, and thus inhibition with dopamine (or with 5HT in the small subset of 517 sensory neurons that express endogenous 5HT 1Apl initial PSP rise-rate (mV/ms) and PSP peak amplitude (mV) from a single synaptic 554 connection is strong (Pearson r =0.9801) when PSP amplitude is low (<20mV). B) 555
Experimental chronology for assessing PSP amplitude before and after dopamine, the 556 RRP assessment with 1M sucrose after dopamine, and a final PSP after one minute in 557 sucrose to assure the effective depletion of the RRP. C) 1M sucrose produces a burst of 558 unitary events over a period of about 45 seconds the sum of which is used to estimate the 559 RRP (upper trace). The lower trace is an expansion of a small section of the upper trace 560 to highlight individual events marked with *. * are events >5*SD of RMS noise band. Representative traces where action potentials generated in the soma conduct to the distal 584 neurite (i, before inhibition with DA). Addition of dopamine reduces excitability so that 585 action potentials are not generated (ii and iii). iv, when enough depolarizing current is 586 delivered to the soma, an action potential is generated in the soma and observed in the 587 distal neurite with the extracellular electrode. C) Action potentials delivered at 1Hz 588 rapidly fail when the sensory neuron shows the inhibitory response to dopamine added at 589 action potential 1. When the action potential fails in the soma it fails in the distal neurite. 590
When enough depolarizing current is delivered to the soma the action potential recurs and 591 is observed both in the soma and the distal neurite. The amplitude of the action potential 592 measured in the soma is reduced with DA, likely a result of error due to the large amount 593 of current simultaneously passing through the electrode. The amplitude of the action 594 potential measured in the distal neurite is a similar amplitude. D) There is no significant 595 change in the amplitude of the action potential measured at the neurite before and after 596 the inhibitory dopaminergic response (P>0.05, n=4, comparing data before and after with 597 a paired t-test). 598 599 600 as the charge carrier. 100μM cadmium completely blocks the inward 610 current and reveals the residual potassium currents. Data from five sensory neurons. C) 611
Comparison of the average peak and inactivation tau for the inward current with barium 612 and with calcium in the recording solution (n=5, P<0.05 comparing groups with a paired 613 t-test). D) Holding the membrane potential at -80mV versus -50mV has no effect on the 614
voltage-dependence kinetics of the inward current indicating that no high-voltage 615 activated calcium currents are in the pleural sensory neurons (n=6 sensory neurons). Ε) 616
At typical cultured sensory neurons with a residual axon and low to no neurite outgrowth 617 (as pictured in inset) the inward current is only slightly reduced with 10μM nifedipine. 618
The reduction in the current is similar at the peak as at the end of the pulse consistent 619 with a slowly inactivating Ca V 1-like barium current (n=6 sensory neurons). 24h to 48h to 72h reduces the peak amplitude and increases the inactivation rate of the 636 inward barium current. Scale bars are 2nA and 30ms. C) The average peak inward 637 barium current significantly reduces when neurons are cultured for periods longer than 638 24hr (P<0.01 comparing 24hr to both 48hr and 72hr with a one-way ANOVA with 639
Tukey's multiple comparison post test). D) Steady-state inactivation rate for the isolated 640 inward barium current (with 10μM Nifedipine). Holding at -80mV with a prepulse to 641 various membrane potentials for 10s followed immediately by a test pulse to +20mV 642 (n=5, avg. peak inward current was 4.3nA). 643 644 645 Figure 5 . Reduction in the isolated Ca V 2-like calcium current with dopamine or activation 646 of exogenously expressed 5HT 1Apl(a) cannot be accounted for by an increase in the 647 residual K + currents. A) Representative traces of currents from voltage steps to -10mV, 648 0, +10, +20, and +60mV, before and one minute after 10μM dopamine along with a 649 representative IV curve. DA reduces the inward currents without changing the current at 650 +60mV, where a typical high-voltage activated calcium current will reverse. Scale bars 651 are 2nA/40ms. B) IV curve of isolated ICa V 2 from six sensory neurons demonstrating 652 the initial inhibitory dopaminergic response. C) Dopamine significantly reduces the 653 inward current at +10mV (P<0.001) measured near or at the peak inward current, but 654 does not affect the amplitude of the current measured at +60mV (P>0.05) near or at the 655 calcium reversal potential (all currents normalized to the peak inward current before 656 dopamine, comparisons made with a two-way repeated measures ANOVA and 657
Bonferroni post tests, n=6). There is no significant difference (P>0.05) in the time to 658 peak (8.4±0.1 and 8.2±0.2ms) or inactivation tau (44.7±1.5 and 41.1±0.8ms) before and 659 after dopamine. About half of the sensory neurons are not inhibited with DA, in this 660
group the average peak current with DA at 1min. was 101.3±5.6% of control (n=5). 661
These non-responding sensory neurons were removed from the analysis in Lower panel is 5HT 1Apl(a) -eGFP over-expressed in the membrane of a varicosity. Scale 665 bars are 50μm and 30μm. E) IV curves of peak inward current and at the calcium 666 reversal potential before and after 8-OH-DPAT in sensory neurons over-expressing 667 5HT 1Apl(a) -eGFP. The change in current with application of 8-OH-DPAT on sensory 668 neurons over-expressing 5HT 1Apl(a) -eGFP was measured 1 minute after 8-OH-DPAT 669 application. F) Change in inward current measured at +10mV and at +60mV with 8-670
OH-DPAT in sensory neurons over-expressing 5HT 1Apl(a) -eGFP. The data is normalized 671 to the amplitude of the peak inward current. The inward current at +10mV (at or near the 672 peak) is significantly reduced with 8-OH-DPAT (P<0.001) however the current measured 673 at +60mV (at or near the calcium reversal potential) remains unaffected (P>0.05). 674
Comparisons made with a two-way repeated measures ANOVA and Bonferroni post 675 tests, n=8. There was no significant change in the time to peak (8.1±0.1 and 8.2±0.1ms) 676 or the inactivation tau (54.0±1.3 and 50.8±2.4ms) at +10mV before and after 8-OH-677 DPAT (P>0.05, compared with paired t-tests). 678 679 680 Figure 6 . The inhibition of the isolated Ca V 2-like calcium current with dopamine is 681 voltage-independent. Only sensory neurons showing inhibition of the inward current 682 with dopamine were used for this analysis. A) Top trace-two-electrode voltage-clamp 683 stimulus command with a test pulse to +10mV (100ms), a strong prepulse to +120mV 684 (50ms), followed closely (10ms) by a test pulse back to +10mV (100ms). The broken line 685 represents a 5s gap between pulse 1 and the prepulse. Middle traces-are representative 686 current traces before (in grey) and after dopamine (in black). Scale bars are 2nA and 687
